formation as to the deposits of the corresponding elements present in the earth. By traces is understood here the range below 10--4-10-5 per cent.
The second case, i.e. the investigation of high purity materials, initiated with regard to the materials encountered in nuclear reactor techniques, is widely used at present as necessary for the production of semiconductor materials, ferrites, Iuminophores and others.
The requirements as to the limits of detectability of impurities in materials of high purity are much more stringent. For example, the maximum permissible boron content of a silicon semiconductor is estimated to be 10-7 to 10-9 per cent. The hydrocarbon fraction tobe reformed must not contain more than 10-7 per cent of arsenic, and I0-6 per cent of copper and Iead. Generally, it is necessary to be able to determine impurities at concentrations down to I0-5 to 10-7 per cent.
However, only relatively few analytical methods can ensure direct determination of such small quantities. As a rule the isolation and ·enrichment processes must precede the determination of the trace quantities. The examination ofmaterials ofhigh pu~ity usually involves the prior Separation oftrace impurities from the main component ofthe sample. Thus the determination process may be based on either the isolation of the traces or the isolation of the main components. Besides, many methods of determination still require the additional separation of traces from each other. These three aspects will be considered while reviewing the individual methods.
U sing the analogy to technological processes, an analytical uni t process of isolation, enrichment or separation can be divided into numerous unit operations, such as: extraction, co-precipitation, ion-exchange processes, electrolysis, distillation and others. They all aim at the transfer of the separated component into another easily separable phase. All these operations are related to the chemical properties of elements and will be discussed according to the basic ability of elements to undergo the fundamental chemical reactions: acid-base, redox, precipitation and complexing reactions.
ACID-BASE REACTIONS
The acid-base properties of ions are considered to be the basis for separation processes by ion-exchange. The periodic system, shown in Figure 1 , indicates which elements are usually retained by cation-exchangers (basic) and which elements form anions retained by anion-exchangers ( acidic). The group of elements that may form both cations and anions, depending on the conditions applied, is usually treated in ion-exchange processes in the cationic form. Little has been clone so far to use, for ion-exchange separations, the anionic forms produced by some elements of groups VIA, VIIA, IVB and VB, especially in their higher exidation states, e.g. chromates, permanganates, perrheriates, germanates and arsenates. The application of these forms seems to be promising, particularly for the separation of the main components of the sample.
Ion-exchange methods are so far the main way ofisolating and separating the metals of the IA B and IIA groups, where strong basic properties predominate. Of similar importance are the methods used for the non-metallic elements that form stable anions, i.e. halogens and the acids of sulphur, phosphorus, nitrogen and boron; these may be separated mainly with the aid of ion-exchange. 
REDOX REACTIONS
The redox properdes of the individual elements and the fact that they can appear in many oxidation states is one of the basic features used in the separation and enrichment of trace quantities.
First we will consider the possibility of oxidizing or reducing an ion to the zero-valent state, i.e. the separated component is in the eiemental form. Figure 2 shows the elements which may be isolated from solution in this way.
In practice oxidation reactions are used only for chlorine, bromine and iodine. Chlorine can then be distilled, and the others can easily be extracted into an organic phase, e.g. into carbon tetrachloride. Presumably this method could also be used for the sulphur in sulphides and for selenium in selenides as both the elements may be extracted into the organic phase.
The reduction of metal ions to their zero .. valent state can be performed either chemically or electrochemically. The chemical method, used in practice for the isolation of the platinum elements, gold, mercury, selenium and tellurium, can be used for the isolation ofboth trace quantities or macrocomponents. The electrochemical reduction aimed at the separation of a macro-component is usually performed at a mercury electrode. Figure 2 lists the elements that can be separated in this way, although the eventual trace components undergoing electroreduction under the conditions applied should have been previously removed from the solution. An original method for the enrichment of trace quantities at a mercury electrode uses a hanging drop mercury electrode, invented by Kemula, Rakowska and Kublik9, In this method the traces to be determined are concentrated to an extent dependent on the time of electrolysis. The traces are then isolated by means of an anodic oxidation registered in a volt-amperometric system. The method of electrolysis at solid electrodes (e.g. platinum ones) for the removal of macro-components or for the separation of micro-components is seldom used. The conditions of simultaneaus electroreduction of accompanying components in such systems, i.e. the purity of the separation, have not yet been satisfactorily examined.
Of interest are the attempts to isolate electrolytically trace components from acid solutions at a graphite electrode which then undergoes direct excitation, and to determine the isolated traces spectroscopically. It is important to mention that electrolytic processes may give volatile compounds, e.g. GeH4, Br2, Cl2 and others, which could easily be removed from the solution. Such possibilities have not yet been used analytically.
Generally, redox processes Iead to the formation of ions of different chemical properties, the phenomenon being frequentlyused in the separation process. Nottospeak ofsuch well-known systems as Fe (III) /Fe(II) and As(V) /As(III), it may be mentioned that numerous elements in their highest oxidation state exhibit entirely different chemical properties, forming large anions, e.g. permanganates, perrhenates, chromates (chromic acid), molybdates and arsenates (see Figure 2 ). These anions can easily be removed from aqueous solutions by extraction in the form of ion pairs with a suitable organic cation. Although the process is a very efficient one (generally ion pairs are very soluble in non-polar solvents) it is not often applied in analytical practice. The reason for this may be the fact that oxidation frequently requires the introduction of large quantities of oxidants which are difficult to obtain in a very pure form.
PRECIPITATION REACTIONS
Precipitation reactions are widely used in isolation and enrichment processes because of the ease of removing the precipitate. On the other band precipitation and co-precipitation reactions are relatively poorly understood theoretically. The phenomenon of bringing down precipitates and coprecipitating them with their diverse components is a complex process, in which, beside the basic process, i.e. the formation of the solid phase of a sparingly soluble precipitate of the component to be determined, numerous by-processes occur such as the formation of mixed crystals and solid solutions, surface adsorption, occlusion and others. Numerous parameterssuch as ionic radius, electric charge, the rate ofthe precipitation process and postprecipitation infl.uence these processes and are the reason that no clear classification of the processes has yet appeared, and that many applied methods of precipitating traces on carriers are frequently largely empirical in character. Table llists some examples ofthe application ofthe co-precipitation method for the separation of traces on suitable carriers, developed by Marczenko and coworkers. Especially noteworthy here is the application of lanthanum as a very convenient carrier that does not interfere in the colorimetric determination, barium sulphate as a carrier for traces of chlorides precipitated simultaneously as silver chloride and niobium for the quantitative isolation of very minute traces of silica (up to to-s per cent).
A separate group of co-precipitation methods is the co-precipitation of traces on organic reagents. Beside the application of substances such as tannins, thionalide, 8-hydroxyquinoline and othcrs, the work of Kusnietsov17 should be mentioned here. Using one complexing agent and one precipitat-· ing agent, he was able to isolate traces of uranium (up to IQ-10 per cent) from sea water. Methods using such organic "carriers" seem to offer many advantages and should be more extensively used in the future.
While discussing precipitation and co-precipitation methods, it should be pointed out that the doubts widely held by analysts regarding the removal of macro-components in the form of precipitates are not wholly founded. A properly performed precipitation allows the isolation of the desired macrocomponent only, and also the use of the filtrate for the determination of the trace components. This has been proved by the experiments of Karabash et al. 1 8 on the removal oflead from solution as lead sulphate, ofMarczenko and KasiuralO on the removal of silver from an acid solution as silver chloride and of Czakow19 on the removal of bismuth as the basic nitrate. It seems that all precipitations of this type can be performed satisfactorily if they are clone in a not too dilute acid medium.
It may be assumed that the method ofprecipitation from a homogeneaus solution developed by Gordon, Salutsky and Willard20 and Ostroumov21 and giving weil developed crystalline precipitates even in the case of hydroxides and sulphides21, could be extended to various separation methods.
COMPLEXING REACTIONS
In the last 20 years, the theory of complex compounds and their application jn analytical chemistry has been steadily developed and this has resulted in significant progress in isolation, enrichment and separation methods. As regards the great variety of complexing agents, the possibility of influencing the course of reaction by changing pH values and concentrations, by introducing masking agents, and by the formation of mixed complexes, enables almost any ion entering the complexing reaction to be separated.
It is obvious that an extensive review of the applicatiön of complexing reactions would greatly exceed the scope of my lecture. The discussion will therefore be limited to the presentation of some typical examples, and to an indication of the newer fi.elds of application. Figures 3 and 4 give the elements undergoing complexing reactions with such simple inorganic ligands as hydrogen, oxygen and the halides.
The covalent hydrides of such elements as sulphur, selenium, tellurium, nitrogen, arsenic, antimony and tin, which owing to their easy volatility are The oxides ofrhenium23, ruthenium and osmium in their highest oxidation state also exhibit some covalent character. The oxides are quite volatile, a property which is of great importance when isolating these metals from mixtures. Among this type ofreaction may be formally included the removal of organic substances by mineralization, where the organic substance is removed from the sample mainly as carbon dioxide and water.
Many metal halides have low boiling points, e.g. boron and silicon fluorides, arsenic (III), germanium and antimony (III) chlorides, chromyl chloride, vanadyl chloride and others24, 25, Owing to their covalent bonds they are frequently fairly soluble in non-polar solvents and can be separated by extraction. Fqrther coordinative saturation with ligands leads, in the majority of cases, to the formation of anionic complexes of the type [F eX 6 ]3-, [ BiX 4 ]-and [SbX 4 ]-which can be readily extracted with solvents containing oxygen (ethers, alcohols and ketones), which are able to form oxonium compounds, or after the formation of an ion pair with other organic cations, by non-polar solvents. Anions which complex with halides may be a basis for separations on anion-exchangers; e.g. they are used for purification of concentrated hydrochloric acid from iron, and for separation of antimony as a main component. In view of the high efficiency of these processes they are worth recommending for the removal of main components (Figure 4) .
The next group of complexing agents forming a relatively new field in analytical chemistry are the strongly acidic and strongly basic agents sometimes called liquid anion-exchangers, such as esters of phosphoric acids and Iong-ehain alkylamines. Recently an excellent review has appeared on analytical applications of the latter reagents26, The review indicates that the reagents are as yet relatively little used in analysis. It seems reasonable, therefore, especially in view of their potential analytical advantages, that this group of reagents should be investigated in more detail. They can be used for the isolation of both trace and macro-quantities.
While discussing this group, a relatively new way of carrying out extraction should be mentioned, i.e. the reversed phase partition chromatography which is successfully used for the separation ofvarious inorganic cations and anions. This method has been developed by Fidelis and Siekierski27, 28 and is already widely used as it seems tobe a very valuable analytical technique and may even replace normal extraction procedures. This method facilitates separation of mixtures of substances the properties of which differ only insignificantly, e.g. the rare earths27, 28 (the column with TBP), and microquantities from macro-quantities, e.g. the separation of traces of scandium from calcium 29 or traces of niobium from the main component molybdenum30. Using this method Smulek and Siekierski31 were able to separate all the alkali metals from each other; this is probably the first case of a separation of these metals based ~n extraction and using mono-dodecylphophoric acid. The method of reversed phase partition chromatography definitely deserves more consideration and is worthy of wide use in analytical practice.
As a third group of complex compounds, son1e elements capable of forming heteropolyacids will be considered. These elements are boron, silicon, phosphorus, arsenic, germanium, tin, vanadium and tungsten. In practice this property is used for the determination of silicon, phosphorus and arsenic32 isolated as the corresponding molybdenum heteropolyacids. Heteropolyacids of the other elements have not yet been used. One reason for this is probably that these compounds have been relatively little investigated. Their complexity still presents, despite many investigations, difficulties in the elucidation oftheir structure and the mechanism oftheir reactions.
The final discussion concerns the complexes of the chelate type, which form at present the largest group of complex compounds used in the analytical chemistry of trace quantities. Figure 5 shows the elements which can be complexed with a few fundamental organic reagents to yield chelate complexes that can be extracted. The examples taken are dithizone (with sulphur and nitrogenas Iigand atoms), acetylacetone (with two atoms ofoxygen as ligand atoms) and oxine (with nitrogen and oxygen as Iigand atoms). As can be seen these three reagents cover practically the whole range of the elements of interest. However, the number of reagents is still increasing and recent examples include benzoylphenylhydroxylamine (BPHA), diethyldithiocarbamate and other substituted carbamates, thenoyltri:fluoroacetone (TTA), pyridylazoresorcinol (PAR), pyridylazonaphthol (PAN), dimethylglyoxime and other substituted glyoximes.
If the picture is completed by adding the non-extractable chelate complexes with, e.g. EDTA, citric and tartaric acids, cyanides and ammonia, that can be appJied as masking agents (Figure 6 ), it is clear that chelate compounds give the widest possibility for the separation of elements by extraction. One difficulty is connected with the fact that the equilibrium of the complexing reaction with these agents is strongly dependent on the pH of the medium. By introducing buffer solutions the pH can be stabilized, but this probably nevertheless disturbs most complexing reactions, due to the formation of mixed complexes with the Iigands of the buffer. It is hoped Apart from the main trends mentioned, complexing reactions influence all the other types of the reactions discussed so far. Thus they influence acid-base, redox and precipitation reactions and provide a valuable means for the analyst to modify these reactions so that they proceed more selectively.
It is true to say that at present, reactions involving chelate compounds form the main group of reactions used in analytical chemistry both in general and for the determination of trace quantities in particu1ar.
DISTILLA TION
Distillation can be readily applied to separation and enrichment. The process considered here involves only distillation applied directly to the sample in its initial form. This usually involves either concentration of the samples in the solution, i.e. evaporation ofwater or other solvents and easily volatile components such as hydrogen halides, or high temperature processes, where, for example, metals or their compounds can be distilled. As an example of the application of the latter type a method of carrier distillation in spectroscopy may be mentioned. This method in its direct form was developed by Scribner and Mullin33 and in an indirect form, with predistillation of impurities at an auxiliary electrode, by Mandelshtam, Semenov and Turovtseva34, and Zajdel et a[. 35 , This is an example ofa very elegant method of separation of impurities from the main component of the sample, the component being difficult to volatilize. Table 2 gives some examples of its application. Distillation methods are also very important when isolating and separating traces of gases in metals by classical methods. 
APPLICATIONS AND GENERAL REMARKS
All the above reactions and analytical operations when applied to the isolation, concentration and separation of traces, supplement each other, and only the combined use of a number of the methods and techniques leads to a satisfactory analysis. Table 3 lists some typical examples of the solution of analytical problems involving the determination oftrace impurities in high purity materials.
While compiling the material for this report, I found that the literature data are very incomplete. Of the analytical unit processes discussed here, only a few were described in a complete form. They have usually been developed with one particular analytical task in view, and, above all, little attention is usually paid to application to other elements. Thus, for example, when preparing a Iist of cations undergoing complex formation with adefinite reagent, one cannot be sure whether all the cations are included or not.
Similarly, there is a lack of reliable quantitative data regarding the behaviour ofthe accompanying elements, e.g. in the distillation ofarsenic (III) chloride. It seems reasonable to point out that the analytical chemistry of trace quantities based on isolation, enrichment and separation processes has been mastered to such a degree that the determination of any element in the concentration range l0-6 to I0-8 per cent now presents no problem. The determination is however often very laborious especially in cases where for a given analysis much of the information about the behaviour of related elements must also be obtained.
I should like to call on analysts to develop in particular the analytical unit processes of isolating and enrichment of trace quantities. Success in the investigation of high purity materials is very much dependent on a knowledge of these processes. 
I should like to thank all

